Abstract. In the increasingly congested urban ground transportation today, China's major cities are actively promoting the urban subway public transport system. But the fire safety problem is still a major issue of concern to people. In this paper, the FDS numerical simulation method is used to study the effect of several kinds of smoke control modes in the tunnel fire in the subway tunnel. The research results show that the current used smoke control mode in the subway tunnle is not the best option, as there is a great threat to the safety in the downstream space. The combination of longitudinal ventilation and specific smoke exhaust can control the smoke most effectively, which may be considered for the fire smoke design of the subway tunnel in the future.
Introduction
Subway is convenient for people to travel at the same time, but the fire safety issues has always been people's concern. The design of ventilation and exhaust in the subway has always attached great importance. Many fire researchers have also carried on a large amount of research on the transportation law and control strategy of the fire smoke in the subway tunnel. Zhou et al. [1] introduced several ventilation modes that can be taken in the subway tunnel fire. Taking the single-line shield tunnel in the actual project as the model, the most complicated ventilation method was studied and analyzed by using numerical simulation method. Wang et al. [2] numerically studied smoke movement under different ventilation modes in subway tunnel fire, which show that the ventilation delay of the subway tunnels can effectively guide the flue gas flow and provide more adequate evacuation time. Gao et al. [3] analyzed the effect of exhaust velocity on the smoke control in subway train fire, which show that when the longitudinal ventilation velocity is set to 1 m/s, the fire smoke can be controlled effectively.
As the subway is generally located in the underground of the main city, the longitudinal ventilation is frequently used in subway tunnel to push the generated smoke to the nearby subway station, through the ventilation exhaust smoke equipment on the subway platform. The above and other relative studies on the fire smoke in subway tunnels are basically based on longitudinal ventilation, and the research points are basically focused on the smoke gas temperature and concentration in the tunnel [4] [5] [6] , the backlayering length [7] [8] [9] , and the relationship between the ventilation velocity and the fire source power [10] [11] [12] .
However, for such a one-way longitudinal ventilation mode, the smoke control effect has not been clearly demonstrated. If other smoke exhaust ways are applied in subway tunnel, how much of be smoke can be exhausted? This paper will use the numerical simulation method to investigate the smoke movement behavior under different smoke exhaust modes and compare the exhaust effect in subway tunnel fire. A relatively efficient exhaust mode will be proposed and compared to the currnet single mode.
Physical Model
In this paper, the numerical simulation software Fire Dynamics Simulator (FDS) was used to numerically simulate the smoke back layering length in subway tunnels under different smoke exhaust modes. The research object is a 500 m long subway tunnel with a cross section measuring 5.2 m (H) x 4.2 m (W). The tunnel wall, ceiling and floor are all made of concrete, and the thermal conductivity is close to that of the actual subway tunnel. The fire source is 10 MW in all the numerical tests. The venting conditions of the two ports of the subway are different depending on the ventilation and exhaust system. The middle of the tunnel is also equipped with a complete subway train model to simulate the subway train. The train model has a length of 120 m and a cross-sectional dimension of 3.0 m × 3.8 m. The temperature measurement probes were set 5 cm underneath the ceiling to obtain the temperature information under the ceiling in fire. As the aim of the paper is to simulate and compare several different ventilation and exhaust processes, it is necessary to introduce the specific settings of each system clearly.
The first set of longitudinal ventilation exhaust system: one end of the subway tunnel is set as a longitudinal vent and the other port is set as a natural opening, as shown in Figure 1 . We set different air supply rates through the "Surface" attribute to simulate the smoke effect at different longitudinal ventilation rates, including 0. The second set of full transverse ventilation exhaust system: the full transverse ventilation exhaust system needs send / return air duct and outlet, which is more complex. Therefore, the send and return duct was simplified and omitted, and only the appropriate send and return air outlets were designed in the numerical model, which can achieve the appropriate simulation results after the simulation tests verification. The return air outlet is located under the ceiling of the tunnel with an area of 1 m × 2 m. A return air outlet is set every 30 m and the return air velocity is 10 m/s. The wind speed of the air outlet is 10 m/s.
The third set of semi-transverse ventilation exhaust system: the semi-transverse ventilation exhaust system is a combination result of the vertical exhaust system and the whole transverse smoke system, as shown in Figure 2 . Therefore, only under the ceiling to set up the corresponding smoke exhaust outlet, and not set in the ground corresponding to the outlet, exhaust ventilation required by both ends of the natural opening of the tunnel exit natural ventilation to achieve. The wind speed of the exhaust return air outlet is set at 2 m/s, 6 m/s and 10 m/s to test different smoke effects. The fourth set is special point-type smoke system, in which the smoke exhaust ventilation is a simplified form of semi-transverse ventilation exhaust system. This type of smoke in the usual way without a fire by natural ventilation or other auxiliary ventilation equipment for ventilation. In this setting, we set to open the fire near the top of the five exhaust port. The area of the exhaust port is 1 m × 2 m, the distance between the adjacent smoke return air outlet is 30 m, and the wind speed of the return air outlet is 10 m/s. Make sure that there is a smoke opening near the top of the fire source, and the remaining four smoke opening are opened according to the following rules: Fire source upstream: fire source downstream= 2: 2, 1: 3 and 0: 4, these three proportions to open.
The fifth kind is vertical ventilation and single-point combination of smoke exhaust ventilation system, as shown in Figure 3 . This system is a vertical ventilation with a specific smoke opening combination, usually by the vertical ventilation system as the tunnel daily ventilation tasks. When a fire occurs, we need to properly increase the vertical ventilation of the wind speed, to suppress the spread of hot smoke to the upper reaches of the tunnel, and open a smoke opening at a location below the fire source, through the exhaust pipe and the corresponding smoke exhaust fan suction hot smoke outside. The sixth kind is vertical ventilation and multi-point combination of smoke exhaust ventilation system. In this ventilation mode, one end of the tunnel is set as the air outlet, in accordance with the vertical ventilation exhaust smoke along the axis of the tunnel ventilation, at the same time open several exhaust port above the fire source position, other parts of the exhaust port are all closed. The size of the exhaust port is still the size of the whole transverse smoke exhaust system 1 m × 2 m, the wind speed of the exhaust port is 10 m/s. In order to study the effect of the opening position of the exhaust port under the ceiling on smoke exhaust, we set different opening modes, and in order to study the influence of longitudinal air blowing on the exhaust system, we also set different longitudinal ventilation rates for the corresponding study.
Results Analysis
In the condition of longitudinal ventilation, the hot smoke generated by the fire is mainly blown downstream of the fire source. When the wind speed of the longitudinal ventilation is not enough to control the flow of the hot smoke, some smoke will spread upstream to form the smoke back-layering. Figure 4 shows the relationship between the length of the backflow and the wind speed. It can be seen that the length of the smoke back-layering length is shortened when the wind speed is increased and shortened to 0 m when the wind speed is increased to 1.6 m/s.
For the full transverse ventilation and semi-transverse ventilation, both can control the smoke within a certain range, not spread to the upstream and downstream, but not as the vertical exhaust ventilation, lead the entire downstream tunnel space all filled with smoke. However, both have a certain length of flue gas counter-flow under different wind speed, which is mainly because the exhaust window in the tunnel ceiling has a certain role in the suction, also has a certain role in promoting the diffusion of flue gas to the upstream. When the exhaust smoke rate is small, the smoke back-layering length of the full transverse smoke exhaust is smaller than that of the semi-transverse smoke exhaust, but with the increase of the exhaust smoke rate of the tunnel ceiling exhaust smoke. The gap of the effect is reduced, the two smoke back-layering length is relatively close. Multi-point smoke exhaust is a practical example of semi-transverse ventilation. When a fire occurs, it does not need to open all the ceiling smoke openings, just open the smoke exhaust opening above fire source. Thereby eliminating the other smoke opening on the fire smoke pumping promotion. By comparing the different positions of the smoke opening, it was found that when the ratio of the number of smoke exhaust window of the upstream and downstream is 1: 3, the control effect of flue gas is the best and the range of flue gas spread is the smallest. When the number of upstream and downstream smoke opening is 0: 4, some hot smoke gas which spread upward can not be effectively controlled and spread to upstream. When the number of upstream and downstream flue opening is 2: 2, upstream exhaust window on the hot smoke to enhance the role of the promotion of stronger than 1: 3, so the length of its smoke back-layering is larger. In the case of tunnel fire, if the specific smoke exhaust port is set on the downstream side of the ignition point and the vertical ventilation is applied to suppress the spread of the fire smoke to the upstream, it can enhance the pertinence and improve the efficiency of smoke control. The rate of longitudinal ventilation has an important influence on the distance of smoke to the upstream when the open exhaust port location and the smoke evacuation rate are fixed. The longitudinal ventilation rate is larger, the smaller the length of smoke back-layering, when the longitudinal ventilation rate increased to 1.8 m/s, shorten the length of smoke back-layering to about 10 m, when the longitudinal ventilation rate is 2 m/s, the length of smoke back-layering dropped to 0 m. Longitudinal ventilation and multi-point combination of smoke exhaust mode, regardless of the proportion of the upstream and downstream position of the exhaust window which is opened by the fixed smoke exhausting method, the distance of the smoke to the upstream is reduced with the increase of the vertical ventilation rate. Conversely, when the wind speed in the longitudinal ventilation is the same, the ratio of the opening of the exhaust window still has an important effect on the control effect of the flue gas. When the wind speed is small, the ratio of upstream and downstream window is 1: 3, the effect of smoke control is better. When the wind speed is larger, the length of the smoke back-layering is the smallest when the ratio of upstream and downstream window is 0: 4. When there is an open window in the upstream of the fire source and the wind speed of the vertical ventilation is less than 1.2 m/s, the simple increase of the vertical ventilation velocity has no significant effect on reducing the length of the smoke back-layering.
Conclusion
The numerical simulation is used to study the smoke control method after train fire in subway tunnel. By comparing the smoke back-layering length and the effective distance of the downstream space in six different ventilation and exhaust modes, the advantages and disadvantages of different smoke modes are determined. The main results are as follows: (1)The longitudinal ventilation and smoke mode, the distance of smoke to the upstream decreases sharply with the increasing ventilation rate, and the visibility distance of the downstream also decreases sharply. Although a large wind speed can effectively inhibit hot smoke spread to the upstream, there is also a great threat to the safety of the downstream space, indicating not the best smoke mode. (2)Effect of full transverse ventilation and semi-transverse ventilation is mainly affected by the smoke exhaust rate. At low exhaust gas velocity, the effect of semi-transverse ventilation is better, due to the weak effect of smoke extraction. (3)Specific smoke exhaust mode is a special case of semi-transverse smoke exhausting method. The smoke effect is mainly affected by the location of the smoke opening, when the ratio of the smoke opening number in the upstream and downstream region is 1:3, the effect of smoke control is the best. (4)Longitudinal ventilation and specific smoke exhaust combination, when the proportion of the number of opening on the downstream is 0: 4, the effect of smoke control is best. This is mainly because the vertical ventilation can effectively suppress the hot smoke spread to upstream, while the opening exhaust opening at downstream can be fully utilized and discharge a large amount of smoke. 
